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Abstract
Carbon nanotubes (CNTs) have many desirable bulk properties, such as, very
good mechanical strength, high thermal stability, and excellent electric conductance for
potential use in a variety of applications.

However, their surfaces often require

modification in order to achieve functionality. An important first step in the adhesion to
the nanotubes is often surface oxidation. To control the metallic and semiconducting
properties of CNTs, electron withdrawing halogen atoms are usually covalently bonded
to the surface.
In this present Thesis, single-walled CNTs (SWCNT) powder and multi-walled
CNTs (MWCNT) paper were modified with gaseous oxygen and chlorine atoms. The
following investigations were performed: 1) UV photo-oxidation of MWCNT paper at
room temperature and atmospheric pressure with wavelengths from low-pressure Hg
lamps (λ = 253.7 and 184.9 nm) that have sufficient energy to photo-dissociate gaseous
oxygen producing mainly ozone and result in chemical surface modification of the
samples; 2) SWCNT powder was surface oxidized at room temperature with gaseous
oxygen atoms produced by low-pressure vacuum UV (VUV) photo-oxidation (λ = 104.8
and 106.7 nm); 3) MWCNT paper and SWCNT powder were surface oxidized without
the presence of radiation at room temperature with gaseous oxygen atoms produced from
a microwave (MW) plasma discharge of an argon and oxygen (Ar-O2) mixture; 4) UV
photo-chlorination of MWCNT paper and SWCNT powder at room temperature with
wavelengths from medium-pressure Hg lamps (centered at ca. 300 nm for Cl2 at ca. 100
torr gas pressure) and low-pressure Hg lamps (λ = 253.7 nm and 184.9 nm for HCl at ca.
40 torr gas pressure) that have sufficient energy to photo-dissociate gaseous Cl2 and HCl
producing chlorine atoms and result in chemical surface modification of the samples.
The carbon-, oxygen- and chlorine-containing functional groups in the top
2 – 5 nm of the sample’s surface were analyzed by X-ray photoelectron spectroscopy
(XPS).
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1.

Introduction

In 1991, the discovery of a new material in the soot of an arc-discharge
experiment caught the attention of a group of researchers [1]. The tubular structures of
nanoscale diameter, called multi-walled carbon nanotubes (MWCNTs), consisted of
several tens and hundreds of concentric graphitic shells of carbons with adjacent shells
separation of approximately 0.34 nm [2].

Two years later, single-walled carbon

nanotubes (SWCNTs) were synthesized by the use of metal catalysts in an arc-discharge
experiment [3]. Due to their highly complex network and large length/diameter ratio,
carbon nanotubes (CNTs) are considered to possess incredible thermal, electronic and
mechanical properties. CNTs can be metallic or semiconducting depending on their
structural parameters which make them attractive materials for electronic devices, and
applications in nanotechnology. Also, their high Young’s modulus and tensile strength
make them preferable for composite materials with enhanced mechanical properties [2].
Numerous studies with these novel materials have been done to explore their applications
in thermal materials [4], energy storage and power generation [5-7], sensors [8-10],
superconductors [11], optics [12, 13], catalyst support [14, 15], electronics [16, 17],
polymer composites [18], and medicinal chemistry [19].
Functionalization of carbon nanotubes has proved to be a key step to improve
their solubility in organic solvents and aqueous solutions and reactivity with other
chemical compounds in order to achieve the specific properties for some of the
applications previously listed. An important first step in the adhesion of materials to
CNTs is often surface oxidation [20]. For bulk processing of CNTs, many liquid-phase
oxidizing agents have been utilized including: nitric acid [21-27], nitric acid/sulfuric acid
1

mixture [28-33], sulfuric acid/potassium permanganate mixture [30], potassium
permanganate [34], sulfuric acid/hydrogen peroxide mixture [24], hydrogen peroxide [23,
24, 35, 36], and low temperature ozonolysis [37, 38]. These solution-phase oxidation
methods are mild, slow, and produce a mixture of hydrogen-containing moieties
associated with the –C-O-, -C=O and –COO- functional groups as observed by X-ray
photoelectron spectroscopy (XPS) [27, 30, 36, 37, 39, 40].
There have been only a few studies involving gas-phase oxidation of CNTs
which would eliminate the liquid waste generated from the solution-phase investigations
and could be a valuable dry technique for modifying the top layers of the surface and
thus, helping with the manufacture of nanoelectronic devices. High temperature gasphase oxidation in air from 480 to 750 ºC [41, 42] and in carbon dioxide at 600 ºC [43]
purifies, modifies its intrinsic structure, and improves the dispersibility of the CNT
powder. XPS analysis of CNTs treated with low-pressure plasma containing Ar/O2 or
Ar/CO2 [44] and atmospheric pressure air dielectric barrier discharge [45] shows similar
oxygenated functional groups as the solution-phase results mentioned above. Gas-phase
ozonolysis introduces oxygenated functionalities directly on the sidewalls and not only at
the end caps of CNTs [46-49]. Use of UV radiation in air to generate O3 in situ showed
by TGA and Raman analyses that only ca. 5% of the carbons of SWCNTs were
functionalized and that rapid initial oxidation occurred within 1 h of treatment which
stopped after 3 h potentially due to exhaustion of active surface sites [50].
It has been mentioned previously that oxidation of CNTs helps to improve their
solubility and ease of dispersion with other chemical compounds. Sidewall halogenation
studies of carbon nanotubes have taken place [51] with theoretical and experimental
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research of fluorinated carbon nanotubes [52] followed by bromination [53] and
chlorination

[52-55].

For

being

considered

electron

withdrawing

groups,

functionalization with halogens forms carbon-halogen bonds introducing defect sites to
the sidewalls of CNTs which open a gap at the Fermi level, changing their electronic
properties from metallic to semiconducting [56]. The electrical conductivity of fluorinefunctionalized materials (Resistance > 20 MΩ) differs dramatically from the pristine
SWCNTs (Resistance = 10-15 Ω) [57].

Halogenated CNT structures are suitable

responsive materials for applications in nanoelectronic devices as well.
Following the liquid-phase oxidation methodology, most of the chlorine
functionalization of CNTs has been done using liquid precursors of thionyl chloride [19,
51, 58-65], chloroform [52, 57, 59], tetrachloroethylene [52], hydrochloric acid [53],
solid dichlorocarbene [51, 55, 56, 62], and very few results have been reported with
reactant gases such as Cl2 [52, 66] and COCl2 [66]. The reported chlorinated functional
groups attached to the CNT surface are: -CCl2, -CCl and, -COCl as observed by: particle
induced γ-ray emission (PIGE) [52], near-FTIR [62] and IR [66] spectroscopy,
transmission electron (TEM) [52, 66] and atomic force (AFM) [56] microscopy,
thermogravimetric analysis (TGA) [52], XPS [52, 53, 55, 66], Raman [53, 62] and
energy-dispersive x-ray (EDS) [56, 62] spectroscopy.
A recent study [52] of the functionalization of SWCNTs with liquid alkyl
halides such as trichloromethane and tetrachloroethylene and gaseous chlorine by ball
milling at room temperature showed that this method gives functionalized samples in the
range of 5.5 to 17.5 wt% of chlorine. As with oxidation studies, the amount of attached
functional groups increases with increasing treatment time but after a certain time
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saturation occurs. Also, liquid precursors provided higher efficiency of chlorination than
gases due to more pronunciation of adsorption of liquids on the CNTs surface. The
atmospheric nature of corrosive chlorine gas and the grinding in a ball mill can
effectively reduce the length of the nanotubes as well as destroy their bundles [52]. A
second study [66] using ball milling in gaseous atmospheres of reactant Cl2 and COCl2
introduced chloride and acyl chloride functional groups onto shortened-MWCNTs.
Modification of SWCNTs with dichlorocarbene formed from a reaction of
chloroform and potassium hydroxide provided low degree of functionalization even
though carbenes are well known electrophilic reagents that add to carbon-carbon double
bonds [57]. Chen et al. [62] demonstrated that the reaction of soluble SWCNTs with
dichlorocarbene (generated from phenyl(bromodichloromethyl)mercury) in toluene at
80 oC under argon led to functionalization of the nanotube walls with ca. 2 at% Cl. This
saturation was sufficient to bring drastic changes in the band electronic structure of the
samples brought by the covalent bond formation resulting from addition of
dichlorocarbene to the wall of the soluble SWCNTs [62].

XPS experiments were

performed by Lee et al. [55] to investigate surface modification of SWCNTs samples
from a reaction with dichlorocarbene. Chlorine atoms amounting to about 1.6 at% were
detected at the surface. The functional group –CCl was detected at a peak position of
287.7 eV in the C 1s narrow scan XPS spectrum [55]. In contrast, Hu et al. [56] reported
the atomic percentage of chlorine functionalized onto SWCNTs to vary between 8% and
14% by using different amounts of dichlorocarbene precursors. Solution-phase NIR
spectra showed that the intensities of both semiconducting (0.90 and 1.50 eV) and
metallic transitions (2.04 eV) decreased with increasing degree of dichlorocarbene
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functionalization due to the extended damage of the π-network, thereby disrupting the
translational symmetry and changing the electronic structure of the SWCNTs. These
interband transitions indicate that the integrity of the SWCNTs electronic structure has
been disrupted by the introduction of substituents into the sidewalls of the sample [56].
Hydrothermal treatment of SWCNTs in aqueous HCl/H2O and HBr/H2O
mixtures caused halogenation of the pristine material and proved to be an efficient
method to functionalize carbon nanotubes. Samples were heated up to 250 or 500 oC for
24 or 114 hours. XPS experiments showed that density of chlorine and bromine was
consistently around 0.4 at%. High energy components in the XPS spectrum arise from
the halide coupled to the π-system of the CNTs [53].
Thionyl chloride (SOCl2) treatment of CNTs produces mainly the conversion of
carboxylic groups generated during the oxidative purification step of CNTs to the
corresponding acyl chloride functionality (–COCl). This method has been reported as
very efficient for further sample modification with amines [19, 62], diols [51], viologen
units [58] and grafting of polymers [61, 63-65, 67, 68]. Parekh et al. [60], via stable
room temperature post deposition functionalization, reported the improvement of the
conductivity of transparent SWCNTs thin films via exposure to nitric acid and SOCl2.
The researchers suspected that -Cl or -COCl functional groups enhance SWCNTs
transport properties thus, having beneficial effects on the conductivity of SWCNT films
[60].
In this Thesis, the following gas-phase investigations were performed:
a)

UV photo-oxidation of MWCNT paper at room temperature and
atmospheric pressure with wavelengths from low-pressure Hg lamps

5

(λ = 253.7 and 184.9 nm) that have sufficient energy to photo-dissociate
gaseous oxygen producing ozone and result in chemical modification of
the sample’s surface.
b)

SWCNT powder was surface oxidized at room temperature with gaseous
oxygen atoms produced by low-pressure vacuum UV (VUV) (λ = 104.8
and 106.7 nm) photo-oxidation.

c)

MWCNT paper and SWCNT powder were surface oxidized without the
presence of radiation at room temperature with gaseous oxygen atoms
produced by microwave (MW) plasma discharge of an argon and oxygen
(Ar-O2) mixture.

d)

UV photo-chlorination of MWCNT paper and SWCNT powder at room
temperature with wavelengths from medium-pressure Hg lamps
(broadband of radiation centered at ca. λ = 300 nm for Cl2 at ca. 100 torr
gas pressure) and low-pressure Hg lamps (λ = 253.7 and 184.9 nm for HCl
at ca. 40 torr gas pressure) that have sufficient energy to produce chlorine
atoms and result in chemical modification of the sample’s surface.

The results of these investigations were compared to previous studies where
ozone produced from high pressure, UV photo-oxidation (λ = 184.9 and 253.7 nm) and
gaseous oxygen atoms produced by low-pressure VUV photo-oxidation (λ = 104.8 and
106.7 nm) were reacted with SWCNT powder [20], SWCNT paper [69], MWCNT
powder [70] and MWCNT paper [71]. X-ray photoelectron spectroscopy (XPS) was the
analytical technique used to detect and analyze the carbon-, oxygen- and chlorinecontaining functional groups in the top 2 – 5 nm of the modified CNT’s surface.
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2.

Experimental

2.1.

SWCNT powder
The SWCNT powder (physical appearance of soot), which was purchased from

Strem Chemicals, Inc., Newburyport, MA (product no. 06-0508, lot no. 84428119)
consisted of tubes with diameters from 0.7 to 2 nm, lengths from 2 to 20 µm and was
usually present in bundles of 20 tubes. The powder was used as received and placed
within a well of diameter and depth of ca. 2 and 1 mm, respectively, formed in a quartz
block (Figure 1) for the oxidation and chlorination experiments and XPS analysis.

Figure 1.

2.2.

SWCNT powder within a well formed in a quartz block.

MWCNT paper
The MWCNT paper was synthesized by the NanoPower Research Lab at the

Rochester Institute of Technology using a procedure previously reported [72].

A

chemical vapor deposition (CVD) reactor was constructed with a coaxial injection design.
The injection tip was fabricated using quartz capillary tubing having an o.d. of 3 mm and
an i.d. of 1 mm which was encased in a stainless steel jacket.
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A precursor solution of cyclopentadienyl iron dicarbonyl dimer in xylene
(0.08 M) was injected into the hot-zone of the furnace by a mechanical pump for
consistent delivery rates. The material was synthesized at 725 oC, with an Ar flow rate of
0.75 L/min, and a precursor delivery rate of 3.5 mL/h. The as-produced MWCNT
powder (physical appearance of soot, Figure 2) was dispersed in acetone, sonicated for 30
min, and filtered through a Teflon filter with 1 µm pore to form the paper. The resulting
MWCNT paper (physical appearance of a tissue paper sheet, Figure 2) produced was ca.
a 1.5 cm diameter circle with a thickness of ca. 10 µm (Figure 2). Characterization of the
high purity MWCNTs was carried out using intensity ratios of Raman spectroscopy peaks
which were consistent with SEM observations and TGA analyses [73].

SEM

micrographs showed a range of tube diameters from 11 to 139 nm and an average
diameter of 58 ± 4 nm at a 95% confidence level [71, 73].

Figure 2.

Processing of MWCNTs from powder to paper form [74].
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The MWCNT paper was attached to the top of a microscope cover slip using a
double-sided adhesive tape and subjected to the oxidation and chlorination experiments
and XPS analysis.

2.3.

UV photo-oxidation
A Rayonet photochemical chamber (manufactured by Southern New England

Ultraviolet Co., Inc., Branford, CT) having an i.d. of 25.4 cm was equipped with 16 lowpressure Hg lamps that emit 184.9 and 253.7 nm photons with about a 1:6 intensity ratio
(Figure 3). A cylindrical photochemical cell (2.54 cm diameter, 17.8 cm long) was
constructed of Suprasil® quartz and fitted with a Cajon removable high vacuum stainless
steel fitting to allow placement and removal of the sample from the cell [20] (Figure 4).
High purity nitrogen and oxygen (99.99%) were flowed through the chamber and cell for
at least 10 min at flow rates of about 5 × 103 and 43 cm3/min, respectively, to displace air
prior to the ignition of the radiation source.
Using this cell design (i.e., optical path length), known photo-absorption spectra
for oxygen and ozone [75, 76] and estimated concentrations of oxygen and ozone, BeerLambert law calculations show that a significant fraction of the UV radiation is
transmitted through the reaction mixture to interact with the CNT surface.
During treatment of a sample, the exit gas was passed through a solution of
saturated KI in order to remove ozone prior to emission into the hood.
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Top view of UV chamber

Figure 3.

Figure 4.

Rayonet photochemical reactor.

Quartz photochemical cell.
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2.4.

VUV photo-oxidation and MW plasma discharge of an Ar-O2 mixture
Low-pressure argon MW plasmas, operating at a frequency of 2.45 GHz and

absorbed power of 33 – 44 W (the difference between the forward and reflected power),
and 25 – 31 W were used as the source of VUV radiation and oxygen atoms [77],
respectively, to modify the surface of the samples located downstream from the plasmas.
For VUV photo-oxidation, the SWCNT powder was placed 23.8 cm
downstream from the vertical MW discharge of Ar. Oxygen was introduced into the
vacuum system about 3 cm above the sample. The argon and oxygen flow rates were 50
and 10 cm3/min, respectively.

The reaction chamber pressure was maintained at

(4.3 - 4.8) × 101 Pa. At the reaction time associated with this distance, charged particles
and metastables from the plasma contribute negligibly because of recombination and
deactivation processes occurring in transit to the sample [77].
For the MW discharge of an Ar-O2 mixture, the construction and operation of
the discharge flow system was similar to that used in the study of the gas-phase O + HBr
reaction [78]. Atomic oxygen was generated from an Ar-O2 mixture having flow rates of
50 and 10 cm3/min, respectively, with the pressure in the chamber at (1.2 – 4.1) Pa. The
vacuum system was designed so that the horizontal discharge was located ca. 41 cm
upstream from the SWCNT powder and MWCNT paper and the radiation from the
discharge was not directed at the samples.
The reactor designs for both the VUV and MW plasma discharge experiments
are displayed in Figures 5 and 6, respectively.
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Figure 5.

Figure 6.

VUV reactor design (vertical plasma).

MW plasma discharge reactor design (horizontal plasma).

12

2.5.

UV photo-chlorination
The same Rayonet photochemical chamber used for the UV photo-oxidation

study was used for the UV photo-chlorination experiment, except that Cl2 and HCl were
the reactant gases. UV photo-chlorination experiments with Cl2 required the use of a set
of 16 medium-pressure Hg lamps (RPR-300 nm, Sunlight Phosphor), that emit a
broadband of wavelengths from ca. 250 - 400 nm with a maximum intensity at 300 nm
(Figure 7), that overlapped with the photo-absorption spectrum of gaseous chlorine [79].

Figure 7.

Spectral energy distribution for RPR-300 nm Hg lamps provided by
Southern New England Ultraviolet Co., Inc., Branford, CT.

UV photo-chlorination using HCl gas required the chamber to be equipped with
16 low-pressure Hg lamps that emit 253.7 and 184.9 nm photons with about 6:1 intensity
ratio. Photons of 184.9 nm have sufficient energy to break the H-Cl bond forming H and
Cl atoms [79] to react with the samples. High purity nitrogen (99.99%) was flowed
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through the chamber at a flow rate of 5 × 103 cm3/min to displace air prior and during the
experiment.
A vacuum line made of Pyrex connected to a vacuum pump was used to trap the
reactant gases in the quartz cell containing the samples of SWCNT powder and MWCNT
paper (Figures 8 and 9). The gas pressure in the cell was calculated so that ca. 90% of
the radiation was absorbed. A Hg manometer, topped off with ca. 2 cm of dibutyl
phthalate to prevent reaction of chlorine with the Hg, was connected to one of the
vacuum line stopcocks in order to measure the pressure of the gas introduced to the cell
(Figures 8 and 9). The photochemical cell was filled with (1.0 – 1.7) × 104 Pa of ultra
high purity Cl2 (Matheson Tri-Gas, Parsippany, NJ) and (0.8 – 1.1) × 104 Pa of technical
grade (99.5%) HCl gas (Airgas, Elmira, NY). The gases were de-gassed of air using at
least 2 freeze-thaw cycles at 77 K.

Figure 8.

Vacuum line system scheme consisting of the following stopcocks, from

the left to the right: 1) gas line, 2) Hg manometer, 3) gas bulb, 4) photochemical cell,
5) gas trap/vacuum pump and 6) air.
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gas trap/vacuum pump
air

Hg manometer

gas line

gas bulb

photochemical cell

Figure 9.

Vacuum line system.

Once the UV photo-chlorination treatment of the samples was completed, an
extra experimental step was necessary to avoid the release of the hazardous gases into the
hood. With the use of the vacuum line, the unreacted Cl2 and HCl gases were transferred
and condensed from the photochemical cell to a spare gas bulb containing 1 M NaOH
solution at liquid nitrogen temperature in order to be neutralized prior to their disposal
into an inorganic waste bottle.

2.6.

X-ray photoelectron spectroscopy (XPS)
All samples reported in this Thesis were analyzed by XPS. XPS is a non-

destructive spectroscopic technique used to analyze the top 1 – 10 nm surface chemistry
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of materials [80]. To obtain the XPS spectra the material is irradiated with a source of
soft X-ray beams which excite the core level electrons of the elements present on the
surface of a sample. The spectrum is given as a plot of the number of core level
photoelectrons detected (ordinate) versus their specific energy (abscissa), the so called
binding energy given in units of electron Volts (eV). The binding energy (B. E.) of an
electron is a direct measure of the required energy to remove this electron from its initial
(neutral) level to the vacuum level. Since each element present on the surface possesses
particular B. E. values the composition of the surface can be determined. The amount of
elemental composition within the area of the irradiated material’s surface is directly
related to the number of detected electrons in each of the peaks of the XPS spectrum.
The area under each peak is proportional to the number of atoms being present in the
studied elements.

By calculating the respective contribution of each peak area the

composition of the chemical species on the surface can be obtained.
An XPS system is composed of a vacuumed sample chamber which contains a
sample holder; a source of fixed energy radiation (soft X-ray beams) that is used to excite
the core level electrons on the material’s surface from their neutral to the vacuum level in
order to be detected; an ultra-high vacuum environment (UHV chamber and pumps) to
avoid interference of gas phase collisions with the analyses of the photo emitted
electrons; an electron energy analyzer with two concentric-hemispherical magnetic field
shielding that is used to disperse the photo emitted electrons according to their kinetic
energy and measure their flow throughout the analyzer; and a computer/software
connected to the XPS system so the surface’s composition can be studied.
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A Physical Electronics Model 5800 XPS system (Figure 10), located at Xerox
Corp. in Webster, NY, was used to examine the top 2 – 5 nm of the sample’s surface
using a take-off angle of 45o between the sample and the analyzer. A region of about
800 µm in diameter was analyzed. The quartz block containing the SWCNT powder
(Figure 1) and/or the microscope cover slip holding the MWCNT paper were mounted
directly in the XPS sample holder. The monochromatic Al Kα (1486 eV) X-ray beam
irradiated the well and the electron optics of the analyzer was focused to accept only
photoelectrons emitted from the nanotubes.

Figure 10.

XPS Physical Electronics Model 5800 located at Xerox Corp. in Webster,
NY.

The quantitative analyses are precise to within 5% relative for major
constituents and 10% relative for minor constituents.

The samples were charge-

neutralized with a flood of low-energy electrons from a BaO field emission charge
neutralizer. This method of analysis minimized radiation damage to the samples.
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3.

Results and Discussion

3.1.

UV photo-oxidation of MWCNT paper

3.1.1.

XPS Qualitative Analyses
The MWCNT paper contained only carbon and oxygen. No contamination was

found.

3.1.2.

XPS Quantitative Analyses
The quantitative analyses results for untreated and treated MWCNT paper

samples are summarized in Table 1. It can be seen that the atomic percentage (at%) of
carbon slightly decreased while the atomic percentage of oxygen faintly increased with
treatment time. The four untreated samples contained 0.7, 0.8, 1.3 and 1.5 at% O
compared to the previous measurement of 1.50 at% O reported for the MWCNT paper
control of the VUV photo-oxidation study [71]. The variability in the amount of oxygen
in the control samples influenced the scatter of the data observed in the treated samples.
As shown in Figure 11, the saturation level of oxidation from UV photo-oxidation
(2.8 ± 0.4 at% O at 95% confidence limits) was substantially lower than that observed via
VUV photo-oxidation with wavelengths of 104.8 and 106.7 nm (ca. 7.4 at% O) [71].
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Table 1.

Results of XPS quantitative analyses for MWCNT paper treated with UV
photo-oxidation

Sample

at% C

at% O

Untreated*

99.2

0.8

Untreated*

99.3

0.7

Untreated* (LO)

98.5

1.5

Untreated* (LO)

98.7

1.3

Treated, 20 min

98.2

1.8

Treated, 40 min

98.2

1.8

Treated, 1 h*

97.9

2.1

Treated, 1 h*

96.5

3.5

Treated, 1.5 h

96.5

3.5

Treated, 2 h*

98.0

2.0

Treated, 2 h*

97.2

2.8

Treated, 2 h* (LO)

97.7

2.3

Treated, 2.5 h (LO)

96.9

3.1

Treated, 3 h*

98.0

2.0

Treated, 3 h* (LO)

96.8

3.2

Treated, 3.5 h (LO)

96.3

3.7

Treated, 4 h (LO)

97.8

2.2

* Replicate samples
(LO) My contribution to the research.
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Figure 11.

Plot of atomic percent of oxygen for untreated and treated MWCNT paper

as a function of exposure time to UV () [20] and VUV photo-oxidation () [71].

3.1.3.

XPS Chemical State Analyses
Because of the low levels of carbon-oxygen bonding (Table 1, Figure 11), the

resolution of the C 1s and O 1s spectra for the control and treated samples of MWCNT
paper were very low. The saturation level of only 2.8 at% O makes it difficult to detect
changes in oxidation of the treated samples from the control C 1s spectrum thus, the XPS
C 1s spectrum and curve fit were not obtained for this study.

Gas-phase UV photo-oxidation of MWCNT paper with 184.9 and 253.7 nm
radiation lamps resulted in an increase in oxidation of the top 2 – 5 nm of the surface
(Table 1, Figure 11). However, the achieved saturation level of 2.8 ± 0.4 at% O within
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approximately 60 min of treatment did not achieve a high at% O difference from the four
untreated samples in Table 1 (0.7, 0.8, 1.3 and 1.5 at% O).
Molecular nitrogen is transparent to the UV radiation while ground state oxygen
molecules, O2(3∑g−), in the photochemical cell absorb 184.9 nm photons [75] which have
sufficient energy to break the molecular bond to form two ground state O(3P) atoms as
shown in reaction (1) with its threshold wavelength [79]:
O2 + hν → O(3P) + O(3P)

λ ≤ 242.4 nm

(1)

Ozone, which is formed in the photochemical cell by reaction (2) involving a
stabilizing molecule (M), absorbs photons from the low-pressure Hg lamps that are
energetic enough to photo-dissociate ozone to produce reactive electronically-excited
oxygen atoms, O(1D) and O(1S), and oxygen molecules (O2(3∑u−), O2(1∆g), O2(1∑g+))
[81].
O(3P) + O2 + M → O3 + M

(2)

Oxygen atoms are also formed by the photo-dissociation of ozone [81]. Both
ozone [76] and oxygen atoms [82] are well known to oxidize by adding across
unsaturated sp2 carbon bonds to form an oxidized moiety (epoxy group) as has been
observed in the oxidation of graphite [83, 84]. Although, the XPS C 1s spectra and curve
fit for this study were not obtained, it is believed that the oxygenated moieties present on
the surface of the MWCNT paper samples after UV treatment are similar to those
detected for UV photo-oxidation studies of SWCNT powder [20], SWCNT paper [69]
and MWCNT powder [70]. Curve fittings of the XPS C 1s spectra of these samples
revealed mainly C-O-C as ether and/or epoxy functional groups, with the presence of
C=O, O-C=O, O=C=O-C=O and/or O-(C=O)-O. The mechanism of reaction starts with
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ozone adding across the CNTs double bond to produce a primary unstable ozonide that
undergoes bond cleavage to form a carbonyl (C=O) containing compound and a Criegee
intermediate [37, 46, 76]. One of the mechanisms for decomposition of the Criegee
intermediate results in the formation of ester groups (O-C=O) as illustrated in Figure 12
below.

Figure 12.

Mechanism of reaction of ozone with sp2-hybridized carbon to form the
Criegee intermediate [76].

UV photo-oxidation studies of SWCNT powder [20] and SWCNT paper [69]
resulted in oxygen concentrations of up 23.5 and 25.5 at%, respectively. A more rapid
initial rate of oxidation was observed for SWCNT powder than SWCNT paper [20].
These results may be due to the larger surface area for the powder relative to the paper as
was also the case for the higher levels of oxidation found for UV photo-oxidized
MWCNT powder (6 - 7 at% O) [70] compared to UV photo-oxidized MWCNT paper in
this present Thesis (2.8 ± 0.4 at% O). The oxygen concentrations for UV photo-oxidized
SWCNT powder [20] and paper [69] were higher relative to those observed for MWCNT
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paper (Table 1) and MWCNT powder [70] potentially due to the enhanced oxidation
associated with the greater curvature (i.e., strain) of the smaller diameter of single shell
tubes than the outer shells of multi-walled tubes [85]. Smaller diameter tubes have been
reported to be more rapidly oxidized than larger diameter tubes with high temperature air
[86, 87] and ozone [88].
By comparing the levels of oxidation of MWCNT paper treated with UV and
VUV photo-oxidation [71] (Figure 11), a lower oxygen concentration for MWCNT paper
using UV photo-oxidation (2.8 ± 0.4 at% O) is observed than that via VUV photooxidation with wavelengths of 104.8 and 106.7 nm (ca. 7.4 at% O) [71]. The presence of
ozone, which is primarily formed at atmospheric pressure by UV radiation, apparently
reacts more slowly than oxygen atoms, which are predominantly produced with lowpressure ((4.2 – 4.6) x 101 Pa), and VUV radiation [71]. The VUV photons have
sufficient energy to break carbon-carbon bonds, as well as produce ground state, O(3P),
and excited, O(1D) and O(1S), oxygen atoms [71] and thus, generate epoxide- and
carbonyl-containing compounds from the addition of O(3P) atoms to sp2-hybridized
carbon [82].

3.2.

VUV photo-oxidation of SWCNT powder

3.2.1.

XPS Qualitative Analyses
The powdered SWCNT control samples only contained carbon and oxygen,

while the samples treated for 1.5, 2.5, 3.5, 10, 20, 30, 40 and 90 minutes contained
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carbon, oxygen and cobalt. The sample treated for 60 minutes contained carbon, oxygen,
cobalt, nitrogen and silicon.

Cobalt, nitrogen and silicon are impurities originated

potentially from sample’s synthesis, air and saliva, respectively.

3.2.2.

XPS Quantitative Analyses
Table 2 summarizes the quantitative analyses results for untreated and treated

SWCNT powder.

Table 2.

Results of XPS quantitative analyses for VUV photo-oxidation of SWCNT
powder
Sample

at% C

at% O

at% Co

at% N

at% Si

Control (untreated)*

94.9

5.2

---

---

---

6A, Control (untreated)*

95.0

5.0

---

---

---

10A, Control (untreated)*

96.1

3.9

---

---

---

6B, Treated, 1.5 min

84.6

14.8

0.6

---

---

6C, Treated, 2.5 min

83.9

15.2

0. 9

---

---

6D, Treated, 3.5 min

81.5

17.9

0.6

---

---

Treated, 10 min

80.6

19.0

0.5

---

---

10E, Treated, 20 min

78.4

21.5

0.1

---

---

10D, Treated, 30 min

78.0

21.9

0.1

---

---

10C, Treated, 40 min

80.4

19.5

0.1

---

---

Treated, 60 min

73.7

24.5

0.4

0.6

0.7

10B, Treated, 90 min

76.8

22.9

0.3

---

---

* Replicate samples
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Quantitative XPS analyses of three untreated samples of SWCNT powder
(Table 2) showed only the presence of carbon and oxygen with an atomic percentage
(at%) for oxygen of 4.7 ± 0.7 which is in good agreement with our previously reported
SWCNT powder control of 4.9 at% O [20]. Occasionally, after treatment, small amounts
of Co, N and Si were detected.
Figure 13 compares the at% O results as a function of treatment time for VUV
photo-oxidation of SWCNT powder with those previously reported for the UV photooxidation of SWCNT powder [20] and SWCNT paper [69]. Surface oxidation rapidly
occurs to reach a common level of saturation using the two different treatment methods
and two different forms of SWCNTs.

Figure 13.

Plot of at% O as a function of treatment time for SWCNT powder treated

with: VUV (●) and UV (■) photo-oxidation [20], and SWCNT paper treated with UV (♦)
photo-oxidation [69].
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3.2.3.

XPS Chemical State Analyses
Figure 14 shows the results of the curve fitting for the C 1s peak of the SWCNT

powder sample treated for 60 min with VUV photo-oxidation since this sample showed
the highest oxygen concentration of 24.5 at% O.

Figure 14.

Results of the curve fitting for the C 1s peak of the SWCNT powder
exposed to VUV photo-oxidation for 60 min.

The overlapped C 1s spectra for the control and SWCNT powder sample treated
for 60 min with VUV photo-oxidation are presented and compared with the 60 min
sample of the UV photo-oxidation study [20] in Figure 15. The principal peak due to sp2
carbon-carbon bond at 284.8 eV dominates the spectra in Figures 14 and 15, but complex
spectral features due to carbon-oxygen bonds are evident at higher binding energies.
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Figure 15.

C 1s XPS spectra for SWCNT powder: (a) untreated, and treated for

(b) 60 min with UV photo-oxidation [20] and (c) 60 min with VUV photo-oxidation.

Table 3 shows the XPS C 1s curve fitting completed for the powdered SWCNT
control and samples treated for 60 min with VUV (Figure 14) and UV photo-oxidation
[20]. Binding energy (B. E.) values reported in the literature [89] were utilized to assign
the following peaks with increasing binding energy: C-C sp2, C-C sp3, C-O-C as ether
and/or epoxy, C=O, O-C=O, O=C-O-C=O and/or O-(C=O)-O. The C 1s binding energy
at 289.8 eV for the anhydride group, O=C-O-C=O [89], has been reported to have similar
values as the carbonate-like, O-(C=O)-O, moiety [90]. As a result of the variety of
species and similar contributions, the high binding energy region of the spectra has a
broad undulating appearance. The peaks were modeled with different full width at half
maximum by assignment. The C 1s peaks due to carbon-carbon bonding were fit with
peaks whose full width at half maximum was about 0.7 eV while the peak due to energy
loss was fit with a peak with a full width at half maximum of 1.8 eV. The energy loss
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peak is correspondent to electrons originated from below the surface that suffered energy
loss through collisions and were unable to make it out of the surface, or they escaped the
surface with considerable energy loss. The percentage of carbon species was estimated
by curve fitting the minimum number of peaks necessary to achieve chi-squared values of
2.0 or less. The absolute percentages of carbon were calculated by multiplying the C at%
from the quantitative analyses times the percent contribution from the species obtained
from the curve fitting. Therefore, the sum of the carbon concentrations in Table 3 equals
the concentration of carbon obtained from the quantitative analyses and not 100%.

Table 3.

Results of absolute % of C-containing groups for control SWCNT powder
and samples treated for 60 min with VUV and UV [20] photo-oxidation

Assignment

B. E. (eV)

Untreated, (6A)

VUV, 60 min

UV, 60 min
[20]

C-C sp2

284.7

48.3

29.5

28.1

C-C sp3

285.1

28.5

15.5

19.8

286.0

3.9

9.6

6.8

C=O

287.0

4.8

4.4

9.1

O-C=O

288.6

3.8

8.8

6.8

O=C-O-C=O,
O-(C=O)-O

289.8

2.8

3.7

3.8

Energy Loss

292.0

2.9

2.2

1.5

95.0

73.7

75.9

C-O-C,

Total =
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Equation (3) below shows the radiation emitted from excited Ar atoms produced
by low-pressure MW discharge:
Ar* → Ar + hν

(3)

Neutral atomic resonance lines, arising from 3P1 → 1S0 and 3P2 → 1S0
transitions occur at 104.8 and 106.7 nm for Ar, respectively [91]. Oxygen molecules
absorb in the VUV region of the electromagnetic spectrum [75]. The photochemical
steps shown in equations (1), (4) and (5) produce ground, 3P, and electronically excited,
1

D and 1S, oxygen atoms [79] respectively. Thus, these steps are energetically possible

using the Ar MW source.
O2 + hν → O(3P) + O(1D)

λ ≤ 175 nm

(4)

O2 + hν → O(3P) + O(1S)

λ ≤ 133.2 nm

(5)

Table 3 also reports the absolute carbon percentages for the VUV photooxidation experiments compared to the UV photo-oxidation [20] technique. In contrast
to the UV experiment, the presence of VUV photons (11.6 and 11.8 eV), which have
sufficient energy to readily break carbon-carbon bonds (ca. 3 eV) and potentially form
excited oxygen atoms, produce more of the C-O-C (as ether and/or epoxy) and O-C=O
functional groups than the C=O moiety mostly present in the UV experiment [77].
Figure 16 shows the proposed mechanism of reaction of oxygen atoms with the
sp2-hybridized carbon bond [82] in the VUV experiment which formed mostly the C-O-C
moiety (as ether and/or epoxy) and Figure 17 [20] shows the mechanism of reaction of O2
with the biradical intermediate to form the carbonyl moiety (C=O).
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Figure 16.

Reaction of O atom with the sp2-hybridized carbon bond [82] to form the
C-O-C (as ether and/or epoxy) functional group.

Figure 17.

Reaction of O2 with a biradical intermediate to form the C=O (carbonyl)
functional group [20].

The reaction of VUV-produced oxygen atoms with SWCNT powder resulted in
ca. 24 at% O (Table 2, Figure 13). A similar level of oxidation was obtained for the
reaction of UV-produced ozone with SWCNT powder (23.5 at% O) [20]. As shown in
Table 1, Figure 11, the saturation level resulting from UV photo-oxidation of MWCNT
paper was ca. 2.8 at% O compared to ca. 7.4 at% O for VUV photo-oxidation (Figure 11)
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[71]. The greater curvature (i.e., strain) on the smaller diameter of SWCNTs possibly
accounts for their increased reactivity relative to the larger diameter outer shells of the
MWCNTs.

3.3.

Treatment of SWCNT powder and MWCNT paper using a MW plasma
discharge of an Ar-O2 mixture

3.3.1.

XPS Qualitative Analyses

3.3.1.1. SWCNT powder
The control and powdered SWCNT samples contained carbon and oxygen. The
SWCNT treated for 60 min contained also nitrogen.

3.3.1.2. MWCNT paper
The MWCNT paper samples contained only carbon and oxygen.

No

contamination was found on these samples.

3.3.2.

XPS Quantitative Analyses

3.3.2.1. SWCNT powder
Table 4 summarizes the quantitative analyses results for untreated and treated
SWCNT powder. The untreated sample (18A) contained 4.7 at% O which is in good
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agreement with previous measurements of 4.9 at% O [20]. Within 2 min of treatment,
the oxygen concentration more than doubled (10.8 at%) relative to the control (4.7 at%).
The amount of oxygen on the sample’s surface increased with increasing time of
exposure up to 60 – 120 min where a plateau value is reached at ca. 16.4 at% O.

Table 4.

Results of XPS quantitative analyses of SWCNT powder oxidized by
oxygen atoms produced from a MW discharge of an Ar-O2 mixture
Sample

at% C

at% O

at% N

18A, Control (untreated)

95.3

4.7

0.0

18D, Treated, 2 min

89.2

10.8

0.0

18F, Treated, 5 min

88.0

12.0

0.0

18G, Treated, 10 min

84.6

15.4

0.0

18H, Treated, 17 min

85.7

14.3

0.0

18I, Treated, 20 min

85.8

14.2

0.0

18J, Treated, 30 min

85.4

14.6

0.0

18K, Treated, 45 min

84.5

15.6

0.0

18B, Treated, 60 min

82.0

17.0

1.0

18C, Treated, 90 min

84.2

15.8

0.0

18E, Treated, 120 min

83.5

16.5

0.0

3.3.2.2. MWCNT paper
Table 5 summarizes the quantitative analyses results for untreated and treated
MWCNT paper. The untreated sample (20A) contained 1.7 at% O which is in good
agreement with previous measurements of MWCNT paper controls for UV (Table 1) and
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VUV photo-oxidation studies (1.5 at% O) [71]. The initial 10 min of treatment had no
significant effect upon the surface chemistry of the nanotubes. After 15 min of treatment,
a definite increase in the concentration of oxygen was observed. A plateau value of ca.
6.3 at% O is reached with increasing time of exposure up to 60 – 90 min.

Table 5.

Results of XPS quantitative analyses of MWCNT paper oxidized by
oxygen atoms produced from a MW discharge of an Ar-O2 mixture
Sample

at% C

at% O

20A, Control (untreated)

98.3

1.7

20B, Treated, 2 min

97.9

2.1

20C, Treated, 5 min

98.0

2.0

20D, Treated, 10 min

97.8

2.2

20E, Treated, 15 min

95.7

4.4

20F, Treated, 20 min

95.0

5.0

20H, Treated, 45 min

94.3

5.7

20I, Treated, 60 min

93.7

6.3

20J, Treated, 90 min

93.7

6.3

Figure 18 shows the plot of oxygen concentration in units of atomic percent
versus treatment time in minutes of SWCNT powder compared to MWCNT paper for the
MW discharge experiments. This method provided an increase in the amount of oxygen
concentration on the sample’s surface reaching saturation levels of oxidation after 1 hour
of treatment.

As with the UV and VUV photo-oxidation studies, MW discharge

experiments produced higher atomic concentration of oxygen (ca. 16.4 at%) for SWCNT
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powder than for MWCNT paper (ca. 6.3 at%). The larger diameter of the outer shell of
the MWCNTs possibly accounts for their decreased reactivity relative to the smaller
diameter SWCNTs which possess greater curvature (i.e., strain).

Figure 18.

Plot of atomic percent of oxygen as a function of treatment time for

SWCNT powder (♦) and MWCNT paper (■) samples treated by the MW discharge
method which produces oxygen atoms.

Figure 19 shows that the SWCNTs treated downstream from the MW of an
Ar-O2 mixture in the absence of photons contained lower levels of oxidized species
(ca. 16.4 at% O) than the nanotubes exposed to VUV and UV [20] photo-oxidation
(ca. 24 at% O). The level of oxidation obtained by the MW discharge of a 5:1 mixture of
Ar:O2 are in good agreement with those reported when carbon nano-fibers/tubes are
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treated with 27.12 MHz RF discharges containing 1:1 mixtures of Ar:O2 [44, 92] and
pure O2 [93].

Figure 19.

Plot of atomic percent of oxygen as a function of treatment time for

SWCNT powder treated with VUV (♦) and UV (▲) photo-oxidation [20] and the MW
discharge method which produces oxygen atoms (■).

Figure 20 shows the plot of oxygen concentration in units of atomic percent
versus treatment time in minutes for MWCNT paper treated with O atoms in the presence
(VUV) [71] and absence (MW discharge of an Ar-O2 mixture) of radiation. There is a
small difference in the oxygen atom saturation level of ca. 7.4 at% O for the VUV-treated
MWCNT paper [71] compared to ca. 6.3 at% O detected on the MWCNT paper’s surface
using the MW discharge method without radiation. The scatter in the data at short
treatment times is potentially due to the variability in the at% O observed for the
untreated samples.
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Figure 20.

Plot of atomic percent of oxygen as a function of treatment time for

MWCNT paper treated with oxygen atoms in the absence (■) and presence (♦) [71] of
radiation.

3.3.3.

XPS Chemical State Analyses

3.3.3.1. SWCNT powder
The overlapped C 1s spectra for the control and powdered SWCNT samples
treated from 2 to 120 min (samples Series 18A-18K in Table 4) with O atoms produced
from the MW discharge method are presented in Figure 21. The principal peak due to sp2
carbon-carbon bonding at 284.8 eV dominates the spectra, but complex spectral features
due to carbon-oxygen bonding are evident at higher binding energies (from 286 to
290 eV).
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Red = control

Normalized Intensity

Green = 60 min

Figure 21.

XPS overlapped C 1s spectra for control and powdered SWCNT samples

treated from 2 to 120 min with O atoms produced from the MW discharge method.

Binding energy (B. E.) values reported in the literature [89] were utilized to
assign the peaks with increasing binding energy and determine the absolute percentage of
carbon. Curve fitting was completed for the XPS C 1s spectra for the control and
powdered SWCNT sample treated for 1 h with oxygen atoms produced from the MW
discharge of an Ar-O2 mixture using the same methodology previously described in
section 3.2.3.

The binding energies, peak assignments and absolute percentages of

carbon are reported in Table 6.
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Table 6.

Results of absolute % of C-containing groups for control (18A) and
powdered SWCNT sample treated for 60 min (18B) with oxygen atoms
produced from a MW discharge of an Ar-O2 mixture
Assignment

B. E. (eV)

Untreated

Treated, 60 min

(18A)

(18B)

C-C sp2

284.7

57.1

37.7

C-C sp3

285.1

16.2

20.5

286.0

5.7

5.7

C=O

287.0

4.8

8.2

O-C=O

288.6

2.9

4.1

O=C-O-C=O,

289.8

1.9

3.3

292.0

6.7

2.5

95.3

82.0

C-O-C,

O-(C=O)-O
Energy Loss
Total =

There is a decrease in the amount of carbon and an increase in the amount of
oxygen with increasing treatment time showing that this method was effective for
introducing oxygen-containing moieties onto the surface of the samples.
Comparing this data with those from Table 3, treatment of SWCNT powder
using MW discharge of an Ar-O2 mixture and UV photo-oxidation [20] showed to
originate more of the carbonyl (C=O) functional groups than the C-O-C (as ether and/or
epoxy) and O-C=O moieties mostly generated by the presence of VUV photons and O
atoms [77].
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3.3.3.2. MWCNT paper
As shown in Figure 22, the principal peak of the overlapped C 1s spectra for the
MWCNT paper functionalized by the MW discharge method at 284.8 eV is dominant due
to sp2 carbon-carbon bonding. Besides a steady increase on the shoulder (286 eV) of the
sp3-hybridized C 1s peak indicating the presence of complex spectral features due to C-O
bonding for treatment times ranging from 0 to 90 min, the overlapped C 1s spectra for
these samples virtually did not change with treatment due to the low concentration of
oxygen on the surface (ca. 6.3 at% O).

Figure 22.

Overlapped C 1s XPS spectra for control MWCNT paper and samples

treated up to 90 min with O atoms produced from a MW discharge of an Ar-O2 mixture.

Curve fits for the C 1s spectra were completed in order to determine the binding
energies, peak assignments and absolute percentages of carbon.

The methodology
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employed was the same as previously described in section 3.2.3. Table 7 summarizes the
results of the curve fitting for the MW discharge experiments of the control (sample 20A
in Table 5) and 90 min (20J) treated MWCNT paper samples. The curve fitting indicates
that treatment resulted in the increases of the C-O-C, C=O, O-C=O, O=C-O-C=O and/or
O-(C=O)-O moieties. The changes in the moieties’ concentration resulted in the slight
increases observed for the concentration of oxygen.

Table 7.

Results of absolute % of C-containing groups for control (20A) MWCNT
paper and sample treated for 90 min (20J) with oxygen atoms produced
from a MW discharge of an Ar-O2 mixture
Assignment

B. E. (eV) Untreated (20A) Treated, 90 min (20J)

C-C sp2

284.8

65.3

57.5

C-C sp3

285.2

17.9

12.8

C-O-C,

286.2

2.1

6.7

Energy Loss

286.5

2.0

1.9

C=O

287.2

1.0

3.4

Energy Loss

287.7

1.8

1.4

O-C=O

288.6

1.5

2.3

O=C-O-C=O,
O-(C=O)-O

289.3

2.5

3.2

Energy Loss

290.8

2.1

2.8

Energy Loss

292.2

2.4

2.4

Total = 98.3

Total = 93.7
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3.4.

UV photo-chlorination of MWCNT paper and SWCNT powder with Cl2
gas

3.4.1.

MWCNT paper

3.4.1.1. XPS Qualitative Analyses
The control MWCNT paper contained only carbon and oxygen. The treated
samples contained carbon, oxygen and chlorine. No contamination was found on these
samples.

3.4.1.2. XPS Quantitative Analyses
The results of the quantitative analyses for UV (300 nm) photo-chlorination of
MWCNT paper with Cl2 gas is summarized in Table 8. Figure 23 depicts the atomic
percent of chlorine and oxygen versus treatment time for MWCNT paper UV photochlorinated with Cl2 gas.
Two control experiments (samples 5B and 9B in Table 8) were conducted with
MWCNT paper treated for 60 min in the presence of Cl2 gas and without UV radiation.
The amounts of Cl detected were ca. 0.85 at%, and the amounts of O detected were ca.
1.75 at% which is within experimental error of the untreated MWCNT samples (Table 8).
The average amount of oxygen for 8 untreated samples was calculated to be 1.9 ± 0.8 at%
which is in good agreement with previous measurements [71] (Table 1, Table 5). The
amount of chlorine on the sample’s surface increased with increasing treatment time of
exposure up to 30 – 90 min where a plateau value is reached at ca. 13 at% Cl. For the
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initial ca. 20 min of treatment, the at% O is within experimental error of the untreated
samples while at longer treatment times the amount increases to ca. 5 at%.

Table 8.

Results of XPS quantitative analyses for UV photo-chlorination of
MWCNT paper with Cl2 gas
Sample

at% C

at% O

at% Cl

98.1 ± 0.8

1.9 ± 0.8

0.0

15B, Treated, 1 min

97.8

0.8

1.4

15C, Treated, 2 min

97.2

0.8

2.1

15D, Treated, 3 min

95.6

0.8

3.7

15E, Treated, 8 min

93.2

1.3

5.6

16B, Treated, 10 min

94.0

1.0

5.1

19A, Treated, 20 min

85.3

2.8

11.9

21A, Treated, 30 min

84.6

5.7

9.7

19B, Treated, 45 min

82.9

2.0

15.1

19C, Treated, 65 min

83.5

4.0

12.5

21B, Treated, 90 min

81.0

5.4

13.0

5B, Treated, 60 min
without UV radiation

97.8

1.3

0.8

9B, Treated, 60 min
without UV radiation

96.7

2.2

0.9

Control (untreated),
average of 8 controls

42

at%

Treatment time (min)

Figure 23.

Plot of at% Cl (♦) and O (■) for control MWCNT paper and samples UV
photo-chlorinated with Cl2 gas as a function of exposure time.

3.4.1.3. XPS Chemical State Analyses
Figures 24, 25 and 26 show the overlapped C 1s, Cl 2p and O 1s spectra,
respectively, for MWCNT paper samples treated for 20, 30, 45 and 65 min (samples 19A,
21A, 19B and 19C in Table 8, respectively) with UV photo-chlorination. The principal
peak at 284.8 eV in Figure 24 dominates the spectra and it is due to sp2-hybridized
carbon bonding. At higher binding energies (286 – 288 eV) complex spectral features
due to C-O and C-Cl bonding are evident. The intensities of the high binding energy
peaks increased with exposure time as expected from the quantitative analyses (Table 8)
which showed an increase in oxygen and chlorine concentrations with length of exposure.
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Red = 20 min
Green = 30 min
Blue = 45 min
Normalized Intensity

Cyan = 65 min

Figure 24.

Overlapped C 1s XPS spectra for MWCNT paper UV photo-chlorinated
for 20, 30, 45 and 65 min with Cl2 gas.

Red = 20 min
Green = 30 min

Normalized Intensity

Blue = 45 min

Figure 25.

Cyan = 65 min

Overlapped Cl 2p XPS spectra for MWCNT paper UV photo-chlorinated
for 20, 30, 45 and 65 min with Cl2 gas.
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Red = 20 min

Normalized Intensity

Green = 30 min
Blue = 45 min
Cyan = 65 min

Figure 26.

Overlapped O 1s XPS spectra for MWCNT paper UV photo-chlorinated
for 20, 30, 45 and 65 min with Cl2 gas.

Binding energy values reported in the literature [89] were utilized to assign the
peaks reported in Table 9 with the curve fitting results of the C 1s spectrum (Figure 27)
for the sample treated for 45 min (sample 19B in Table 8) which showed the highest level
of chlorination with the at% O within the error limits of the untreated MWCNTs. The
Cl 2p and O 1s spectra are difficult to curve fit because the two peaks that appear in the
Cl 2p spectra (Figure 25) are not due to different chemical states but arise from two spin
orbital components, 2P3/2 and 2P1/2, and the O 1s spectra (Figure 26) show a single peak
without any resolvable structure.
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Table 9.

Results of absolute % of C-containing groups for the MWCNT paper
sample UV photo-chlorinated for 45 min (19B) with Cl2 gas
Assignment

B. E. (eV)

Treated, 45 min (19B)

C-C sp2

284.8

49.8

285.6

9.3

286.2

5.1

Energy Loss

286.5

4.6

Epoxide ring C, -CH=C*H-Cl

287.2

6.5

O-C-O, Energy Loss

287.6

2.2

C-C*Cl2, O-C=O

288.6

1.3

Energy Loss

289.3

1.7

Energy Loss

290.8

1.1

Energy Loss

292.2

1.3

C-C sp3, -C*H=C-C*H2
│
Cl
C*-CCl2, -CH=C*-CH2, ether, glycol
│
Cl

Total = 82.9
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Figure 27.

XPS C 1s curve fitting for MWCNT paper UV photo-chlorinated for 45
min (19B) with Cl2 gas.

3.4.2.

SWCNT powder

3.4.2.1. XPS Qualitative Analyses
The control SWCNT powder contained only carbon and oxygen. The treated
samples contained carbon, oxygen, chlorine and cobalt.

3.4.2.2. XPS Quantitative Analyses
The results of the quantitative analyses for UV (300 nm) photo-chlorination of
SWCNT powder with Cl2 gas is summarized in Table 10. Carbon, oxygen, chlorine and
cobalt are reported in units of atomic percent (at%).
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Table 10.

Results of XPS quantitative analyses for UV photo-chlorination of
SWCNT powder with Cl2 gas
Sample

at% C

at% O

at% Cl

at% Co

10A, Control (untreated)*

96.1

3.9

0.0

---

11A, Treated, 15 min

84.6

3.9

11.5

---

11B, Treated, 30 min

61.3

2.7

36.0

---

11C, Treated, 60 min

60.1

2.9

37.0

---

17A, Control (untreated)*

91.4

8.6

0.0

---

14G, Treated, 1 min

90.7

6.2

2.3

0.2

14A, Treated, 2 min

88.47

8.1

3.1

0.5

14H, Treated, 3 min

90.0

7.3

2.4

0.3

14B, Treated, 5 min

86.1

6.3

7.4

0.2

14C, Treated, 8 min

86.9

6.5

6.2

0.4

14I, Treated, 10 min

83.9

7.6

8.4

0.2

14D, Treated, 12 min

86.6

5.9

7.4

0.1

14E, Treated, 20 min

85.8

6.4

7.6

0.3

17C, Treated, 20 min*

86.3

6.9

6.4

0.2

22A, Treated, 20 min*

81.3

9.3

9.4

---

17B, Treated, 25 min*

85.9

6.9

7.0

0.2

22B, Treated, 25 min*

82.0

8.6

9.4

---

22C, Treated, 40 min

82.2

8.6

9.1

---

17E, Treated, 45 min

80.7

8.2

10.8

0.3

22D, Treated, 50 min

82.3

9.0

8.8

---

14F, Treated, 60 min
without UV radiation

89.0

7.9

2.7

0.4

* Replicate samples
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One control experiment (sample 14F in Table 10) was conducted with SWCNT
powder in the presence of Cl2 gas for 60 min without UV radiation. The amounts of Cl
and O detected were 2.7 at% Cl and 7.9 at% O, respectively. The untreated sample with
3.9 at% O (10A) was the control of the samples treated for 15, 30 and 60 min (11A, 11B
and 11C). It is observed from Table 10 that these samples (Series 11A-11C) maintained
their low amounts of oxygen and achieved high saturation levels of chlorine (ca. 36 at%)
after treatment. The untreated sample with 8.6 at% O (17A) was the control of the
samples treated from 1 to 50 min (Series 14A-14I, Series 17B-17E and Series 22A-22D).
It is observed that the chlorine concentration increased with increasing treatment time but
due to the presence of high amounts of oxygen in the samples, the resulting saturation
levels of Cl after treatment were low (max. of 10.8 at% Cl at 45 min). The detected
amount of oxygen was not a function of exposure time and varied independently of
treatment time.

3.4.2.3. XPS Chemical State Analyses
Wide scan spectra in the binding energy range from 0 to 1200 eV were obtained
to identify the elements present on the surface a SWCNT powder sample UV photochlorinated for 20 (sample 17C in Table 10) and 30 min (sample 11B in Table 10 ). The
XPS wide scan spectra are shown in Figure 28.
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Blue = 20 min
Red = 30 min

Figure 28.

XPS wide scan spectra of the modified surface of SWCNT powder UV
photo-chlorinated for 20 (17C) and 30 min (11B) with Cl2 gas.

The results of the curve fitting for the C 1s peak of the sample treated for
60 min (sample 11C in Table 10) are shown in Figure 29. The intensities of the high
binding energy peaks increase with exposure time as expected from the quantitative
analyses (Table 10) which show an increase in oxygen and chlorine concentrations with
length of exposure. The principal peak due to sp2-hybridized carbon bonding at 284.8 eV
dominates the spectrum. The tail from 286 to 290 eV is built as a complex spectral
feature due to C-O and C-Cl bonding.
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Figure 29.

Results of the curve fitting for the C 1s peak of the SWCNT powder
sample UV photo-chlorinated for 60 min (11C) with Cl2 gas.

Curve fitting was completed in order to assign the peaks, binding energies and
absolute-carbon percentage.

The methodology used was the same as previously

described in section 3.2.3. Figure 30 shows the results of the curve fitting for the C 1s
spectra of the powdered control SWCNT and samples treated for 15, 30 and 60 min
(Series 11A-11C in Table 10) which revealed high saturation levels of chlorine. The
quantitative analysis of the control (sample 6A in Table 2) detected 95.0 at% C and
5.0 at% O.
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Red = control
Blue = 15 min
Cyan = 30 min
Normalized Intensity

Green = 60 min

Figure 30.

Overlapped C 1s spectra for control SWCNT powder and samples treated
for 15, 30 and 60 min with Cl2 gas and UV radiation.

Table 11 shows the results of the curve fitting for the C 1s peaks of the control
(sample 6A) and powdered SWCNT sample treated for 60 min (11C) which presented a
high saturation level of chlorination (37 at% Cl). There was a dramatic decrease of the
sp2- and sp3-hybridized carbon as a result of the chlorine-functionalization. At the B. E.
of 287.2 eV, the absolute % of carbon had a slight increase in comparison to the control
due to the addition of the –CH=C*H-Cl moiety. Only a very small amount of the C-Cl2
and/or O-C=O moieties were present and were not affected by the length of treatment or
the presence of radiation. The concentration of the O-C-O moiety was also not affected
by treatment time.
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Table 11.

Results of absolute % of C-containing groups for the control (6A) and
SWCNT powder sample treated for 60 min (11C) with Cl2 gas and UV
radiation

B. E.

Assignment

(eV)

Control a

Assignment

(6A)

Treated,
60 min (11C)

C-C sp2

284.8

C-C sp2

46.6

285.6

C-C sp3

22.2

286.2

ether, glycol

5.2

286.5

Energy Loss

2.4

Energy Loss

9.8

287.2

Epoxide ring C

2.8

Epoxide ring C,
-CH=C*H-Cl

3.4

287.6

O-C-O,
Energy loss

3.6

O-C-O,
Energy Loss

3.8

288.6

O-C=O

1.4

C-C*Cl2, O-C=O

1.9

289.3

Energy Loss

4.1

Energy Loss

1.4

290.8

Energy Loss

4.6

Energy Loss

0.6

292.2

Energy Loss

2.2

Energy Loss

0.7

C-C sp3, -C*H=C-C*H2
│
Cl
ether, glycol, C*-CCl2,
-CH=C*-CH2,
│
Cl

Total = 95.0
a

18.5
8.4
11.6

Total = 60.1

Quantitative analyses: 95.0 at% C and 5.0 at% O.

Table 12 summarizes the peak area % by chemical species for the control
(sample 6A) and powdered SWCNT samples treated from 1 to 50 min (samples Series
14A-14I and 22A-22D in Table 10) which revealed low saturation levels of chlorine after
53

treatment due to the high oxygen concentration present on these samples before UV
photo-chlorination.

Table 12.

Summary of the C 1s curve fitting peak area % for the control and
powdered SWCNT samples treated from 1 to 50 min with Cl2 gas and UV
radiation

Time
(min)

at%
O

at%
Cl

ether, glycol,
-C*H=CH-Cl,
C*-CCl2,
C*R2-CR-Cl
│

control

5.0

0.0

5.2

2.8

3.6

1.4

1

6.2

2.9

6.6

5.3

3.3

1.6

2

8.1

3.1

5.0

4.2

3.4

1.2

3

7.3

2.4

6.9

4.5

3.2

1.7

5

6.3

7.4

7.4

8.4

3.4

1.4

8

6.5

6.2

7.6

7.6

3.6

1.5

10

7.6

8.4

7.8

7.3

3.5

1.6

12

5.9

7.4

8.0

6.4

4.7

1.1

20*

6.4

7.6

6.1

5.5

4.6

1.0

20*

9.3

9.4

4.4

6.1

3.0

3.0

25

8.6

9.4

4.2

7.1

3.5

2.5

40

8.6

9.1

5.3

7.2

3.6

2.6

50

9.0

8.0

4.5

6.1

3.0

2.9

Epoxide ring C,

O-C-O

C-C*Cl2,
O-C=O

CH=C*H-Cl

* Replicate sample
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The nanotubes treated for 1, 2 and 3 minutes exhibited the lowest concentrations
of chlorine on the surface while the nanotubes UV photo-chlorinated for longer treatment
times exhibited higher chlorine concentrations. This appears, from the results from Table
12, to be due to the presence of greater numbers of CH=CH-Cl and CR2-CR-Cl moieties
on the samples treated longer than 3 minutes. There is very little evidence for the
presence of the C-Cl2 moiety.

Figure 31 shows the absorption spectrum of Cl2 [75], for which absorption
maximum is at 330 nm.

70
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2500
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Å
Figure 31.

Absorption spectrum of Cl2(g) (ε is in units of liters/mole-cm) [75].

The transition responsible for this band is assumed to be a singlet-triplet
promotion symbolized by (6) [75]:
Cl2(1∑g+) + hν → Cl2(3Πu)

(6)
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The absorption of a quantum of light by a chlorine molecule, over most of the
spectral range absorbed by Cl2 (Figure 31), results for the most part in the formation of
chlorine atoms [75].

If the absorption occurs in the continuum of the spectrum,

dissociation occurs from the original state of the excited molecule and, one normal (2P3/2)
and one excited (2P1/2) halogen atom may be formed (equation 6a) [75].
Cl2(1∑g+) + hν → Cl2(3Π0+u) → Cl(2P3/2) + Cl(2P1/2)

(6a)

If the absorption occurs at wavelengths that are of sufficient energy to break the
bond (∆Eo298 = 498.9 nm, for Cl2(g) → 2Cl(g)), in this case, two ground-state (2P3/2)
atoms are formed (equation 6b) [75].
Cl2(1∑g+) + hν → Cl2(3Π0+u)
(+M)
Cl2(3Π1u) → 2 Cl(2P3/2)

(6b)

SWCNTs [52] and MWCNTs [66] were functionalized at room temperature and
atmospheric pressure by ball milling in a reactive atmosphere of gaseous Cl2. This
method was shown to be effective for the production of functionalized nanotubes with up
to 5.1 wt% Cl for SWCNTs [52]. Our current UV (ca. 300 nm) photochemical procedure
may be applicable for nanoelectronic devices where control is needed of the metallic and
semiconducting properties of the functionalized CNTs.

The saturation levels of

0.85 at% Cl for MWCNT paper (Table 8) and 2.7 at% Cl for SWCNT powder (Table 10)
treated for 60 min with gaseous Cl2 in the absence of photons was shown to be slow
relative to photo-chlorination where Cl atoms, that are photo-chemically produced [75],
readily add across the π-conjugated system [53] in the carbon nanotube structure. The
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chlorine-containing radical may react either with Cl2 to form a dichloro-moiety or O2 to
generate ultimately chlorine-containing oxygenated products [76].
Figure 23 shows a steady increase in the Cl and O concentrations on the surface
of MWCNT paper with treatment time up to a saturation level of ca. 13 at% Cl and ca.
5 at% O. The oxygen concentrations detected for MWCNT paper (Table 8, Figure 23)
might be from impurities, vacuum line leakage or due to reaction of radicals on the
surface of the CNTs with oxygen in air when the sample is removed from the
photochemical cell. The binding energies of Cl 2p3/2 and Cl 2p1/2 at 200.5 and 202.1 eV,
respectively, in Figure 25, indicate that chlorine atoms were covalently bonded to sp2
carbon [52, 94].
Table 10 shows an increase in the Cl concentration of SWCNT powder samples
with time of exposure to Cl2 and UV radiation. The first SWCNT control (sample 10A)
revealed low amounts of oxygen (3.9 at% O). Sample 11C showed a maximum of
37 at% Cl and 2.9 at% O after 60 min of treatment. On the other hand, a high oxygen
concentration of 8.9 at% O in the second SWCNT control (sample 17A) resulted in lower
saturation levels of chlorine on the surface of SWCNT powder after treatment with Cl2
and UV radiation. The maximum saturation level of chlorine was obtained for the
sample treated for 45 min (17E) which revealed 10.8 at% Cl and 8.2 at% O. The
available active sites for introduction of chlorine onto the SWCNT’s surface were
occupied by high amounts of oxygen making it difficult for Cl atoms to replace O and
thus, resulted in a low Cl concentration on the sample’s surface after treatment. The
availability of active sites on samples 11A, 11B and 11C due to low concentrations of

57

oxygen resulted in high saturation levels of chlorine on the surface after treatment with
Cl2 and UV radiation.
The wide scan XPS spectra in Figure 28 show distinct oxygen, carbon and
chlorine peaks representing the major constituents of the SWCNT powder’s surface. The
binding energies associated with O, C and Cl peaks in Figure 28 are in good agreement
with those reported by Lee et al. [55]. Tables 9 and 11 show the oxygenated and
chlorinated species that account for the observed C 1s XPS spectra (Figures 27 and 29) of
MWCNT paper and SWCNT powder, respectively, after UV photo-chlorination with Cl2
gas. The XPS curve fitting has assigned four peaks for C-Cl species at 285.6, 286.2,
287.2 and 288.6 eV while Lee et al. [55] reported only one C-Cl species peak assigned at
287.7 eV [52, 55]. The peak at ca. 291 eV in Figures 27 and 29 is characteristic of the
shake-up of the sp2-hybridized carbon atoms [52, 66].

3.5.

UV photo-chlorination of SWCNT powder with HCl gas

3.5.1.

XPS Qualitative Analyses
The control SWCNT powder contained only carbon and oxygen. The treated

samples contained carbon, oxygen and chlorine. The samples treated for 5, 10, 20, 30,
45, 60 and 90 min presented also cobalt.
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3.5.2.

XPS Quantitative Analyses
The results of the quantitative analyses for UV (184.9 and 253.7 nm) photo-

chlorination of SWCNT powder with HCl is summarized in Table 13. Figure 32 depicts
the atomic percent of chlorine and oxygen versus treatment time in minutes for SWCNT
powder UV photo-chlorinated with HCl gas. The control sample (24A in Table 13)
contained a higher amount of oxygen (6.9 at% O) compared with previous measurements
(4.9 at% O [20] and 4.7 at% O in Table 2). The oxygen concentration on the sample’s
surface is not a function of exposure time and showed to be higher than the Cl which
resulted in lower saturation levels of chlorination after treatment with HCl and UV
radiation. Table 13 and Figure 32 present a steady increase in the Cl concentration up to
a saturation level of ca. 5.75 at% Cl at treatment times of 60 – 90 min. Analyses of the
samples showed that some of them contained small amounts of cobalt after treatment.
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Table 13.

Results of XPS quantitative analyses for UV photo-chlorination of
SWCNT powder with HCl gas
Sample

at% C

at% O

at% Cl

at% Co

24A, Control (untreated)

93.0

6.9

0.0

---

24B, Treated, 1 min

92.6

6.5

0.9

---

24C, Treated, 2 min

92.2

6.6

1.3

---

24D, Treated, 3 min

90.0

8.0

1.9

---

24E, Treated, 5 min

92.4

5.0

2.0

0.5

24G, Treated, 10 min

89.9

7.4

2.6

0.1

24I, Treated, 20 min

91.7

5.5

2.2

0.6

24J, Treated, 30 min

89.0

7.4

3.4

0.2

24K, Treated, 45 min

80.4

14.0

5.1

0.5

24L, Treated, 60 min

86.3

7.8

5.8

0.2

24M, Treated, 90 min

84.6

9.5

5.7

0.2

60

Treatment time (min)

Figure 32.

Plot of at% Cl (♦) and O (■) for control SWCNT powder and samples UV
photo-chlorinated with HCl gas as a function of exposure time.

3.5.3.

XPS Chemical State Analyses
The results of the curve fitting for the C 1s peak of the powdered SWCNT

control (sample 24A in Table 13) are shown in Figure 33. Figure 34 shows the results of
the overlapped XPS C 1s spectra of the powdered SWCNT samples treated for 20, 30, 45,
60 and 90 min (samples 24I-24M in Table 13) with gaseous HCl and UV radiation. The
intensities of the binding energy peaks increase with exposure time as expected from the
quantitative analyses (Table 13) which show an increase in chlorine concentration with
length of exposure. The principal peak due to sp2 C-C bonding at 284.8 eV dominates
the spectra. The tail from 286 to 290 eV is built as a complex spectral feature due to C-O
and C-Cl bonding.
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Figure 33.

Results of the curve fitting for the C 1s spectrum obtained for the control
(SWCNT powder sample.

Red = 20 min
Blue = 30 min
Cyan = 45 min
Green = 60 min
Magenta = 90 min

Figure 34.

Overlapped C 1s spectra for SWCNT powder samples treated for 20, 30,
45, 60 and 90 min with HCl gas and UV radiation.

62

Curve fitting was completed in order to assign the peaks, binding energies and
absolute-carbon percentage.

The methodology used was the same as previously

described in section 3.2.3. Table 14 shows the results of the curve fitting for the C 1s
peaks of the control (24A) and SWCNT powder treated for 60 min (24L) with gaseous
HCl and UV radiation which presented the highest saturation level of chlorine (5.8 at%).

Table 14.

Results of absolute % of C-containing groups for the control (24A) and
SWCNT powder sample UV photo-chlorinated for 60 min (24L) with HCl

B. E.
(eV)

Assignment

Control
(24A)

Assignment

Treated,
60 min (24L)

284.7

C-C sp2

36.7

C-C sp2

34.6

285.2

C-C sp3

32.3

C-C sp3

29.6

3.5

285.9

ether, glycol

3.2

ether, glycol
-C*H=CH-Cl,
C*-CCl2,
C*R2-CR-Cl
│

286.6

Energy Loss

2.3

Energy Loss

1.9

287.1

Epoxide ring C

2.0

Epoxide ring C,
-CH=C*H-Cl

6.6

287.9

O-C-O,
Energy loss

3.2

1.5

288.6

O-C=O

0.3

O-C-O,
Energy loss
C-C*Cl2,
O-C=O

289.5

Energy Loss

3.8

Energy Loss

2.2

290.9

Energy Loss

4.2

Energy Loss

2.2

292.3

Energy Loss

2.5

Energy Loss

2.7

Total = 93.0

1.5

Total = 86.3
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The data shows a slight decrease of the sp2- and sp3-hybridized carbon as a
result of the chlorine-functionalization. At the binding energy of 287.1 eV, the absolute
% of carbon of the sample treated for 60 min shows an increase compared to the control
due to the appearance of the –CH=C*H-Cl moiety. The concentration of the O-C-O
moiety at 287.9 eV suffered a decrease relative to the control. At the B.E. of 288.6 eV,
the absolute-C % of the 60 min treated sample shows an increase in comparison to the
control due to the addition of the C-C*Cl2 functional group onto the SWCNT powder’s
surface.
Table 15 summarizes the peak area % by chemical species for the control (24A)
and powdered SWCNT samples treated from 1 to 90 min (24B-24M in Table 13) which
revealed low saturation levels of Cl after treatment due to the high oxygen concentration
present on these samples before UV photo-chlorination with HCl gas. There is a steady
increase in the Cl concentration up to a saturation level of ca. 5.8 at%. The amount of
detected oxygen increased with treatment time but not in a linear or proportional
relationship. The concentration of oxygen is higher than that of chlorine and thus,
resulted in low saturation levels of Cl onto the sample’s surface. The data shows that
only a very small amount of the C-C*Cl2 and/or O-C=O moieties are present and are not
affected by the length of treatment time or the presence of radiation. The concentration
of the O-C-O moiety is also not a function of treatment time or conditions.

The

nanotubes treated for 45, 60 and 90 min exhibited the highest concentrations of chlorine
on the surface due to the presence of greater numbers of CH=CH-Cl and CR2-CR-Cl
moieties on these samples.
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Table 15.

Summary of the C 1s curve fitting peak area % for the control and
powdered SWCNT samples treated from 1 to 90 min with HCl gas and UV
radiation

Time
(min)

at%
O

at%
Cl

Ether, glycol,
-C*H=CH-Cl,
C*-CCl2,
C*R2-CR-Cl
│

control

6.9

0.0

3.2

2.0

3.2

0.3

1

6.5

0.9

1.9

5.1

2.2

2.7

2

6.6

1.3

2.0

5.2

2.1

2.6

3

8.0

1.9

1.9

5.8

2.3

2.3

5

5.0

2.0

2.2

4.8

2.8

2.0

10

7.4

2.6

2.9

5.7

2.5

2.0

20

5.5

2.2

2.0

7.4

2.8

2.6

30

7.4

3.4

3.2

8.6

3.9

2.6

45

14.0

5.1

4.3

9.2

2.0

2.0

60

7.8

5.8

3.5

6.6

1.5

1.5

90

9.5

5.7

3.5

7.6

1.5

1.5

Epoxide ring C,
CH=C*H-Cl

O-C-O

C-C*Cl2,
O-C=O
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The ground state of hydrogen chloride is X1∑+, D0(H-Cl) = 4.431 ± 0.002 eV
[79]. The absorption coefficients of the continuous region from 138.0 to 200.0 nm are
given in Figure 35 [79].

40

k

20

0
2000

1200

1600

Å
Figure 35.

Absorption spectrum of HCl (k is in units of atm-1cm-1, base 10 at room
temperature) [79].

Hot H atoms having kinetic energy of about 2.27 eV are produced by photolysis
at 184.9 nm [79]. Production of H + Cl is most likely the primary process. The Cl atoms
are in the ground 2P3/2 state. The following photochemical reactions (7), (8) and (9) are
the ones expected [79]:
HCl + hν → H + Cl(2P3/2)

(7)

H + HCl → H2 + Cl

(8)

Cl + Cl + M → Cl2 + M

(9)
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Previously, SWCNT samples [53] were functionalized by means of a
hydrothermal treatment (HT) in an aqueous acidic solution of 5M HCl inserted into a
sealed autoclave under vacuum filled with CO2 and heated up to 250 or 500 oC with
treatment times of 24 or 114 hours. HT of SWCNTs showed to be an efficient method
for attaching chlorine to the conjugated π-system of the material, however, the achieved
saturation level of chlorine was very low (ca. 0.4 at% Cl) [53]. Their reported oxygen
concentration for the pristine SWCNTs was 6 at% O and after hydrothermal treatment
with an acidic solution of 5M HCl, saturation levels of oxygen were reported to range
from 9 to 17 at% O.

Chlorine atoms were introduced at structurally/electronically

disordered defect sites as suggested by XPS and UV photoemission spectroscopy [53].
Table 13 shows that UV (184.9 and 253.7 nm) photo-chlorination of SWCNT
powder with HCl with gas was a very efficient technique to functionalize the sample’s
surface with chlorine atoms up to a saturation level of ca. 5.8 at% Cl. Our control sample
(24A in Table 13) presented 6.9 at% O.

The detected amount of oxygen in this

experiment was higher than our previous measurements ([20], Table 2).

After UV

photolysis with HCl gas, SWCNTs presented amounts of oxygen ranging from 5.0 to
14.0 at% O (Table 13).
According to the analyses of the XPS C 1s spectra of the samples (Figures 33
and 34) and curve fittings (Tables 14 and 15), an increased fraction of the carbon sites on
the surface were oxidized as well as chlorinated groups were created.

UV photo-

chlorination of SWCNT powder with HCl gas (Tables 14 and 15) showed similar
functional groups from MWCNT paper (Table 9) and SWCNT powder (Tables 11 and
12) UV photo-chlorinated with Cl2 gas. The Cl was reported to be bound to conjugated

67

π-systems in polymers [53] which is correspondent to the resulting C-Cl binding energy
of approximately 200 eV in the XPS Cl 2p spectra (Figure 25).
The oxygen concentration detected on the surface of SWCNT powder UV
photo-chlorinated with HCl gas was higher than the concentration of chlorine atoms
detected. As with UV photolysis of Cl2 gas in the presence of SWCNT powder, the
active sites available for Cl functionalization were occupied and mostly saturated with
oxygen and thus, resulted in low saturation levels of chlorine on the surface of the
samples. The increased amount of oxygen observed with increasing treatment time might
be due to vacuum line leakage, presence of impurities, or due to the reaction of radicals
on the sample’s surface with oxygen in air when the sample is removed from the
photochemical cell.
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4.

Conclusions

Dry, gas-phase surface modification of carbon nanotubes with oxygen in the
presence and absence of radiation, and chlorination in the presence of UV radiation
showed to be an effective method to add oxygenated and chlorinated functional groups to
the surface of CNTs as well as eliminate the liquid waste generated originally from liquid
precursors.
UV photo-oxidation of MWCNT paper yielded a saturation level of
2.8 ± 0.4 at% O at 95% confidence limits which was substantially lower than that
observed via VUV photo-oxidation (ca. 7.4 at% O) [71]. Previous UV photo-oxidation
studies showed that SWCNT powder [20] oxidized in a similar fashion than SWCNT
paper [69]. SWCNT samples photo-oxidized much more rapidly and to higher levels of
oxidation than MWCNT paper, potentially due to the greater curvature (i.e., strain) of the
smaller single tubes’ diameter than the outer shells of multi-walled tubes.

Larger

reactivity was observed for powdered form of CNTs than for paper form possibly due to
the increased surface area of the powder. The following oxygenated functional groups:
C–O–C as ether and/or epoxy, C=O, O–C=O, O=C-O-C=O and/or O-(C=O)-O were
generated on the surface of the MWCNT paper after UV photo-oxidation.
SWCNT powder was surface oxidized by O atoms produced by: (1) photooxidation in the presence of VUV radiation (λ = 104.8 and 106.7 nm) and (2) MW
plasma discharge of an Ar-O2 mixture in the absence of radiation from the discharge.
The MW discharge experiments achieved lower saturation levels of oxidation
(ca. 16.4 at% O) than with VUV photo-oxidation (ca. 24 at% O). MWCNT paper
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surface oxidized by O atoms produced from the MW discharge method achieved lower
levels of oxidation (ca. 6.3 at% O) than SWCNT powder samples.

This level of

oxidation was also lower than the levels achieved by VUV photo-oxidation of MWCNT
paper conducted in the presence of radiation (7.4 at% O) [71]. VUV-produced oxygen
atoms appeared to be more reactive with MWCNT paper [71] than UV-generated ozone
[20]. The ester moiety, O-C=O, formed during the VUV photo-oxidation studies of
SWCNT powder and MWCNT paper [71] and MW discharge experiments of MWCNT
paper may result from the reaction of O and O2 with the sample to produce the Criegee
intermediate (Figure 12 [76]). Reaction of O atoms with the sp2-hybridized carbon bond
(Figure 16 [82]) possibly results in the formation of the C-O-C (as ether and or/epoxy)
moiety. The reaction of oxygen atoms (produced from the MW discharge of an Ar-O2
mixture) with SWCNT powder revealed more of the carbonyl moiety (C=O) than the
ether/epoxy functional groups [77].
Chlorine atoms produced by UV photolysis of gaseous Cl2 readily reacted with
the π-conjugation system of the nanotubes to yield saturation levels of ca. 37 at% Cl for
SWCNT powder and 13 at% Cl for MWCNT paper. The resulting Cl 2p XPS spectra
indicated that chlorine atoms were covalently bonded to sp2-hybridized carbon. SWCNT
powder samples with concentrations of oxygen lower than 3.9 at% O presented high
saturation levels of chlorine (max. of 37.0 at% Cl at 60 min) while samples with higher
concentrations of oxygen, ranging from 5.9 to 9.3 at% O, presented lower saturation
levels of Cl (max. of 10.8 at% Cl at 45 min) after UV photo-chlorination with Cl2 gas.
The available active sites for introduction of chlorine onto the SWCNT’s surface were
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occupied by high amounts of oxygen making it difficult for Cl atoms to replace O and
thus, resulted in a low at% Cl onto the sample’s surface after treatment.
UV photolysis of gaseous HCl in the presence of SWCNT powder resulted in
saturation levels of chlorine of ca. 5.8 at% Cl. The curve fitting results showed that the
oxygenated and chlorinated functional groups obtained in this method were similar to
those obtained by UV photolysis of gaseous Cl2 in the presence of MWCNT paper and
SWCNT powder. High amounts of oxygen on the surface of the samples resulted in low
concentrations of chlorine after treatment due to the saturation of the active sites which
were occupied by oxygen atoms impeding this way their replacement by Cl atoms. UV
photo-chlorination using gaseous Cl2 and HCl showed to be an efficient technique to add
chlorinated functional groups onto the surface of carbon nanotubes. XPS results revealed
that Cl atoms were added to the π-conjugation system being covalently bonded to sp2and sp3-hybridized carbons of the CNT’s structure.
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5.

Summary of accomplished and future work

Table 16 below summarizes the results of all oxidation and chlorination studies
that have been done so far, and also includes the future work intended to be accomplished
by Dr. G. A. Takacs’ research group in the Department of Chemistry at the Rochester
Institute of Technology using paper and powdered forms of SWCNTs and MWCNTs.

Table 16.

Summary of results for oxidation and chlorination studies of SWCNTs and
MWCNTs accomplished by Dr. G. A. Takacs’ research group in the
Department of Chemistry at the Rochester Institute of Technology

Functionalization
study

MWCNT
powder

MWCNT
paper

SWCNT
powder

SWCNT
paper

UV photooxidation

Max. 7.5 at% O
at 120 min [70]

2.8 ± 0.4 at% O
at 60-240 min
[20]

Max. 23.5 at% O
at 60 min [20]

Max. 25.5 at% O
at 120 min [69]

VUV photooxidation

Max. 9.5 at% O
at 120 min [70]

ca. 7.4 at% O
at 120-240 min
[71]

ca. 24 at% O at
60-90 min [77]

Max. 15.8 at% O
at 150 min [69]

MW discharge of
O atoms

TBA

ca. 6.3 at% O
at 60-90 min

ca. 16.4 at% O at
60-120 min [77]

In Progress

UV photochlorination with
gaseous Cl2

TBA

ca. 13 at% Cl
at 65-90 min

Max. 37.0 at% Cl
at 60 min

TBA

UV photochlorination with
gaseous HCl

TBA

In Progress

ca. 5.8 at% Cl at
60-90 min

TBA

(Boxes in blue represent my work reported in this Thesis)
(TBA – to be accomplished – represents the work intended to be done)
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Aside from the work presented in Table 16, the following functionalization
studies are also suggested:
a) Oxidation of paper and powdered forms of SWCNTs and MWCNTs with
ozone (O3) in the absence of radiation.
b) UV photo-chlorination of carbon nanotube samples containing low levels of
oxygen with gaseous HCl and Cl2.
c) UV photo-bromination of paper and powdered forms of SWCNTs and
MWCNTs with gaseous HBr.
d) Sputtering of copper onto pre-oxygenated and chlorinated carbon nanotube
samples.
e) Oxidation and chlorination studies of carbon nanotube samples with
different diameters of tubes.
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